Dopamine D2 receptors (D2Rs) play a major role in the function of the prefrontal cortex (PFC), and may contribute to prefrontal dysfunction in conditions such as schizophrenia. Here we report that in mouse PFC, D2Rs are selectively expressed by a subtype of layer V pyramidal neurons that have thick apical tufts, prominent h-current, and subcortical projections. Within this subpopulation, the D2R agonist quinpirole elicits a novel afterdepolarization that generates voltage fluctuations and spiking for hundreds of milliseconds. Surprisingly, this afterdepolarization is masked in quiescent brain slices, but is readily unmasked by physiologic levels of synaptic input which activate NMDA receptors, possibly explaining why this phenomenon has not been reported previously. Notably, we could still elicit this afterdepolarization for some time after the cessation of synaptic stimulation. In addition to NMDA receptors, the quinpirole-induced afterdepolarization also depended on L-type Ca 2ϩ channels and was blocked by the selective L-type antagonist nimodipine. To confirm that D2Rs can elicit this afterdepolarization by enhancing Ca 2ϩ (and Ca 2ϩ -dependent) currents, we measured whole-cell Ca 2ϩ potentials that occur after blocking Na ϩ and K ϩ channels, and found quinpirole enhanced these potentials, while the selective D2R antagonist sulpiride had the opposite effect. Thus, D2Rs can elicit a Ca 2ϩ -channel-dependent afterdepolarization that powerfully modulates activity in specific prefrontal neurons. Through this mechanism, D2Rs might enhance outputs to subcortical structures, contribute to rewardrelated persistent firing, or increase the level of noise in prefrontal circuits.
Introduction
Dopamine plays a critical role in prefrontal cortex (PFC). First, depleting prefrontal dopamine impairs working memory in monkeys (Brozoski et al., 1979) , and genetic variations in prefrontal dopamine catabolism affect both PFC-dependent executive function and prefrontal physiology in humans (Egan et al., 2001) . Second, imbalanced prefrontal dopaminergic signaling may contribute to disorders including schizophrenia (Arnsten and Goldman-Rakic, 1998; Winterer and Weinberger, 2004; Kellendonk et al., 2006) . Third, reward signals are typically mediated by dopamine (Schultz, 2007) , and the past history of reward modulates prefrontal neuron excitability (Bernacchia et al., 2011) and can trigger persistent firing (Histed et al., 2009) .
Prefrontal dopamine D2 receptors (D2Rs) play critical roles in cognition. Infusion of D2 agonists and antagonists into PFC modulates working memory and set-shifting in rodents (Druzin et al., 2000; Floresco et al., 2006; St Onge et al., 2011) . Systemic administration of D2 agonists in nonhuman primates affects working memory and elicits "hallucinatorylike" behaviors (Arnsten et al., 1995) . In nonhuman primates, prefrontal D2Rs are specifically necessary for neural activity associated with memory-guided saccades . Consistent with these animal studies, genetic variation in D2Rs modulates prefrontal activity and working memory in humans (Zhang et al., 2007) .
Given that all antipsychotics block D2Rs, and that prefrontal D2Rs play a major role in tasks that are disrupted in schizophrenia, a major hypothesis is that excessive D2R activation contributes to prefrontal dysfunction in schizophrenia (Winterer and Weinberger, 2004; Durstewitz and Seamans, 2008) . Prefrontal D2Rs may also contribute to Tourette syndrome and bipolar disorder (Simonic et al., 1998; Minzer et al., 2004; Yoon et al., 2007; Minton et al., 2009; Steeves et al., 2010) . Thus, D2Rs play a major role in both normal and pathological prefrontal function. Specifically, D2Rs may increase the variability of PFC activity (Winterer and Weinberger, 2004; Durstewitz and Seamans, 2008) . Under normal conditions, such variability could facilitate adaptation to a changing environment (Durstewitz et al., 2010; St Onge et al., 2011) . However, excessive or imbalanced D2R activation might produce pathological variability that contributes to "prefrontal noise" and cognitive dysfunction in schizophrenia (Winterer and Weinberger, 2004) .
We focused on layer V pyramidal neurons in PFC because these neurons contain most prefrontal D2Rs (Lidow et al., 1998; Santana et al., 2009) . A few studies have described ways that D2Rs enhance or suppress (Gulledge and Jaffe, 1998; Tseng and O'Donnell, 2004) excitability in these neurons. A possibly related observation is that dopamine profoundly depolarizes frontal cortex pyramidal neurons in vivo (Bernardi et al., 1982) . Nevertheless, specific mechanisms for D2R modulation of layer V pyramidal neurons in PFC remain elusive.
Here we report two major results about D2Rs in layer V of PFC. First, D2Rs are not uniformly distributed across layer V cell populations, but rather restricted to a specific subpopulation of layer V pyramidal neurons with thick apical tufts, prominent h-current, and subcortical projections. Second, in these neurons, D2Rs elicit a novel afterdepolarization that depends on NMDA receptors and L-type calcium channels, and can drive spiking for hundreds of milliseconds.
Materials and Methods
All experiments were conducted in accordance with procedures established by the Administrative Panels on Laboratory Animal Care at the University of California, San Francisco.
Slice preparation. Slice preparation and intracellular recording followed our published protocol (Sohal and Huguenard, 2005) . We cut 250 m coronal slices from 6-to 10-week-old mice of either sex. Specifically, all electrophysiological experiments showing the quinpirole-induced afterdepolarization were from 9-to 10-week-old mice, except for 4/7 perforated patch experiments, which were from 6-to 7-week-old mice. We used the following mouse lines: wild-type C57BL/6 mice (Charles River), Drd1::EGFP (line S118; www.gensat.org), Drd1::Cre (line EY262; www. gensat.org), Drd2::EGFP (www.gensat.org), and Drd2::Cre (line ER44; www.gensat.org). We secured the slice by placing a harp along the midline between the two hemispheres.
Intracellular recording. We obtained somatic whole-cell patch recordings from visually identified pyramidal cells in layer V of infralimbic or prelimbic cortex using differential contrast video microscopy on an upright microscope (BX51WI; Olympus). Recordings were made using a Multiclamp 700A (Molecular Devices). Except when otherwise noted, patch electrodes (tip resistance ϭ 2-6 MOhms) were filled with the following (in mM): 130 K-gluconate, 10 KCl, 10 HEPES, 10 EGTA, 2 MgCl, 2 MgATP, and 0.3 NaGTP (pH adjusted to 7.3 with KOH). For perforated patch recordings, the pipette solution included 0.02 mg/ml gramicidin D. ACSF contained the following (in mM): 126 NaCl, 26 NaHCO 3 , 2.5 KCl, 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl, and 10 glucose. In experiments that used tetraethylammonium chloride (TEA), the amount of NaCl was decreased by a corresponding amount (30 mM) to maintain the osmolarity of the extracellular solution. All recordings were at 32.5 Ϯ 1°C. Series resistance was usually 10 -20 M⍀, and experiments were discontinued above 30 M⍀.
Injection of virus for ChR2 or EYFP expression. For Cre-dependent expression of ChR2 or EFYP, we used a previously described adenoassociated virus (AAV) vector that drives Cre-dependent expression of a ChR2-EFYP fusion protein (Sohal et al., 2009) . In other cases, we expressed ChR2-EFYP in pyramidal neurons using a previously described AAV vector that contains a gene encoding ChR2-EYFP under control of the promoter for CaMKII␣ (Yizhar et al., 2011) . In each case, we injected 0.5-0.75 l of virus following previously described procedures (Sohal et al., 2009) . For experiments in which we recorded from ChR2-negative neurons while stimulating ChR2-positive axons, we injected virus into the contralateral medial PFC (mPFC), and verified that we observed fluorescent soma on the injected side, but not on the contralateral side (which was the location for recording). In 3/5 of these experiments, we drove expression using the Credependent virus in Drd1::Cre mice, while in the other 2/5 experiments we injected the virus carrying the CaMKII␣ promoter into wild-type mice. We waited at least 3-4 weeks after virus injection before preparing brain slices. Coordinates for injection into mPFC were (in millimeters relative to bregma): 1.7 anterior-posterior (AP), 0.3 mediolateral (ML), and Ϫ2.75 dorsoventral (DV).
Injection of retrogradely transported microspheres for projection targeting experiments. Procedures for injection of these microspheres were similar to those for virus injection. We waited at least 48 h after each injection before preparing brain slices. Coordinates for mPFC injections were the same as for virus injections. For injections into mediodorsal (MD) thalamus, coordinates were (in millimeters relative to bregma): Ϫ1.7 AP, 0.3 ML, and Ϫ3.5 DV. For each experiment, we verified that microspheres were present in the correct target (MD thalamus or mPFC). For injections into MD thalamus we specifically verified that microspheres were not present in nearby structures (e.g., striatum).
Drug application. For electrophysiology, all drugs were dissolved in water (quinpirole, NMDA, DL-AP5, apamin, bicuculline methiodide, and TEA) or dimethylsulfoxide (sulpiride, and nimodipine) before being diluted in ACSF, except for tetrodotoxin (TTX) which was dissolved in a pH 4.8 citrate buffer. (Throughout the text, AP5 refers to DL-AP5, bicuculline refers to bicuculline methiodide, and sulpiride refers to (Ϫ)sulpiride).
ChR2 stimulation. We stimulated ChR2 in pyramidal neurons using flashes of light generated by a Lambda DG-4 high-speed optical switch with a 300W Xenon lamp, and an excitation filter set centered around 470 nm, delivered to the slice through a 40ϫ objective (Olympus). Illumination was delivered across a full high-power (40ϫ) field.
Biocytin fills, morphological analysis, and confocal imaging. For experiments in which we studied cell morphology, the intracellular solution contained 0.3% biocytin. Cells filled with biocytin were fixed overnight in a buffered solution containing 4% paraformaldehyde. To visualize filled cells, we washed fixed slices in 0.1 Mr PBS, then incubated for 40 min in PBS with 1-2% Triton X-100, before incubating for 1 h in PBS with 0.5% Triton X-100 and Texas Red Avidin D or Fluorescein Avidin D (1:500). Before mounting the slice, we washed it with PBS again. We measured the width of the apical dendritic shaft 5 m above the soma. To visualize fluorescent cells, we followed a similar protocol omitting incubation with Avidin D. All imaging was performed on a Zeiss LSM510.
Statistical analysis. We used Student's t tests to compare pairs of groups, unless there were repeated measurements or unpaired observations, in which case we used ANOVA. To compare time constants for 90% decay of the quinpirole-induced afterdepolarization, we first logtransformed these time constants, because their distributions in quinpirole were highly skewed and non-Gaussian. Error bars indicate Ϯ 1 SEM unless otherwise specified.
Results

H-current identifies a subpopulation of layer V pyramidal neurons in the PFC that express D2Rs
Initially, we studied whether D2Rs are selectively expressed in previously identified subpopulations of layer V pyramidal neurons. Previous studies have classified layer V pyramidal neurons from somatosensory or frontal cortex based on projection targeting or apical tuft morphology, and found that these characteristics are strongly correlated (Morishima and Kawaguchi, 2006; Hattox and Nelson, 2007) . Specifically, layer V pyramidal neurons that project to the thalamus or brainstem have apical dendrites with wider arborizations, thicker shafts, and a greater number of primary branches, than do apical dendrites originating from layer V pyramidal neurons that project to contralateral cortex (CC) and/or striatum. This suggests that layer V pyramidal neurons in neocortex can be divided into at least two subpopulations, "thick-tufted" neurons that project to thalamus or brainstem, and "thin-tufted" neurons that project to striatum or CC. Notably, excitatory and inhibitory connectivity differs between these subpopulations (Wang et al., 2006; Otsuka and Kawaguchi, 2008; Brown and Hestrin, 2009) . A recent study found that in prefrontal layer V pyramidal neurons that project to CC or brainstem, levels of the hyperpolarization-activated cyclic nucleotide-gated cation h-current (I h ) are low or high, respectively (Dembrow et al., 2010 ). An analogous relationship holds in motor cortex (Sheets et al., 2011) .
Given these previous findings, we first sought to confirm that we could use h-current to classify neurons that have different projection targeting. If prefrontal corticothalamic (CT) and corticopontine neurons have similar properties, since they are both thick-tufted, then the level of h-current in CT neurons should be greater than that in CC neurons. Indeed, we found that h-current could be used to reliably distinguish CT and CC neurons in layer V of mPFC ( Fig. 1 A-D) . To identify CT or CC neurons, we injected retrogradely transported fluorescently labeled latex microspheres (Retrobeads; Lumafluor) into the ipsilateral MD thalamus or the contralateral PFC. As illustrated in Figure 1 A, CT and CC neurons were distinct populations. We made whole-cell patch-clamp recordings from identified CT or CC neurons in layer V of the mPFC. Although CT and CC neurons had similar resting membrane potentials and input resistances (Fig. 1 D) , they had significantly different levels of h-current (measured as the sum of the voltage sag and rebound depolarization in response to a hyperpolarizing current pulse) (Fig. 1 B, C ; p Ͻ 0.01; n ϭ 18 and 8 CT and CC neurons, respectively). In fact, the distributions of h-current from CT and CC neurons were completely nonoverlapping (Fig. 1C) .
Thus, we could define a threshold level of h-current that would unambiguously separate CT and CC neurons. We refer to layer V pyramidal neurons above this threshold as "type A" neurons, and those below this threshold as "type B neurons." Based on the studies outlined above, we would predict that type A neurons (more h-current) would be thick-tufted, whereas type B neurons (minimal h-current) should be thin-tufted. Indeed, after filling layer V pyramidal neurons in mPFC with biocytin and visualizing them via confocal microscopy ( Fig. 2 A) , we found that type A neurons (n ϭ 4) had a greater number of primary branches ( p Ͻ 0.05) and wider apical shafts ( p Ͻ 0.05) than type B neurons (n ϭ 4) (Fig. 2 B) . Thus, consistent with previous studies, the level of hcurrent differentiates two subpopulations of layer V pyramidal neurons that project to different targets and have different apical tuft morphologies.
Next, we asked whether D2Rs are selectively expressed within these two subpopulations of layer V pyramidal neurons in the PFC. To answer this question, we recorded from visually identified neurons expressing fluorescent proteins under control of promoters for D1Rs or D2Rs (Fig. 3A) . Specifically, we recorded from fluorescent neurons in Drd1::EGFP transgenic mice (n ϭ 4) (line S118), Drd1::Cre transgenic mice (line EY262) injected with virus containing a Cre-dependent construct for ChR2-EYFP (Sohal et al., 2009 ) (n ϭ 6), Drd2::EGFP transgenic mice (n ϭ 7), or Drd2::Cre transgenic mice (line ER44) injected with AAV containing a Cre-dependent construct for ChR2-YFP (n ϭ 7). These transgenic mice have been widely used to study D1R-and D2R-expressing neurons in the striatum (Gong et al., 2003; Lobo et al., 2006; Kravitz et al., 2010) , and this AAV drives EYFP expression that is highly specific for Cre-expressing neurons (Sohal et al., 2009) . We found that all of the presumed D2R-expressing neurons (fluorescent neurons from Drd2::EGFP or Drd2::Cre mice) were "type A," i.e., had a level of h-current current above the threshold that separates CT and CC neurons, whereas presumed D1R-expressing neurons included both type A and type B neurons (Fig. 3B ).
Of course, other subpopulations of layer V pyramidal neurons might also express D2Rs, but not be labeled by either transgenic line we used. We identified D2R-expressing neurons using two distinct transgenic lines to minimize this possibility. The following experiments provide additional confirmation for our finding that D2R expression is restricted to a specific subpopulation of layer V neurons, by showing that activating D2Rs elicits a novel cellular effect that is also restricted to this same subpopulation.
Synaptic activity unmasks a quinpirole-induced afterdepolarization in type A neurons
We measured effects of D2R activation in type A and B neurons, and surprisingly, at baseline, the D2R agonist quinpirole had minimal effects on the responses of type A neurons to depolarizing current pulses (300 -400 pA, 250 -500 ms; Fig.  4 B-D, left). However, when these current pulses were preceded by optogenetic stimulation of excitatory synapses in layer V, quinpirole dramatically altered the responses of these neurons to depolarizing current. Specifically, under these conditions, quinpirole (5-20 M) elicited a prominent afterdepolarization in 12/12 type A neurons (Fig. 4C, middle and right; Fig. 4 E, F ) . This afterdepolarization could generate spikes and extend for up to several seconds after the end of the current pulse (Fig. 4 F) . In addition to this afterdepolarization, quinpirole caused a progressive decrease in spike height during the current pulse ( Fig. 4C-F ). Despite eliciting this dramatic afterdepolarization, both 5 M (Ϫ)quinpirole and 20 M (Ϯ)quinpirole had minimal effects on the resting membrane potential (5 M: control V rest ϭ Ϫ61.7 Ϯ 1.4 mV, quinpirole V rest ϭ Ϫ60.8 Ϯ 1.5 mV, p ϭ 0.32, n ϭ 8; 20 M: control V rest ϭ Ϫ62.3 Ϯ 1.8 mV, quinpirole V rest ϭ Ϫ60.9 Ϯ 1.5 mV, p ϭ 0.42, n ϭ 5). For these experiments, we expressed ChR2 in pyramidal neurons in the contralateral mPFC using viral injection (Fig. 4 A; see Materials and Methods). We then recorded from type A neurons that did not express ChR2 while stimulating ChR2-positive corticocortical fibers with trains of randomly occurring light flashes (470 nm; 2.5 ms duration; intensity: ϳ2 mW; rate: 5-50 Hz; train duration: 2.5 s; 5 trains were delivered with an intertrain interval of 13 s). As illustrated in Figure  4 , this led to relatively weak synaptic input that usually evoked zero or only a few spikes in the postsynaptic neuron.
We quantified the quinpirole-induced afterdepolarization by measuring the time for the membrane potential to decay back to Figure 3. D2Rs are selectively expressed in type A pyramidal neurons which can be distinguished using the h-current. A, Low-power confocal images of infralimbic cortex showing the pattern of fluorescence in Drd1-Cre (D1-Cre) and Drd2-Cre (D2-Cre) transgenic mice injected with virus to drive Cre-dependent expression of ChR2-YFP. The corpus callosum and midline lie below and above both images, respectively. ml, midline. Scale bar, 0.1 mm (both images are to the same scale). B, The amount of h-current (measured as above) in identified corticothalamic (CT, n ϭ 18), corticocortical (CC, n ϭ 8), D2R-expressing (D2, n ϭ 14), or D1R-expressing (D1, n ϭ 10) pyramidal neurons in layer V of mPFC. The dotted line indicates the threshold that separates the distributions of h-current from CT and CC neurons. *p Ͻ 0.05, **p Ͻ 0.01.
within 90% of the baseline membrane potential following a depolarizing current pulse (Fig. 4G ). To confirm that D2Rs mediate the quinpirole-induced afterdepolarization, we used the selective D2R antagonist (Ϫ)sulpiride. Many studies have used sulpiride at doses up to 10 M to confirm that various phenomena are mediated by D2Rs (Kreitzer and Malenka, 2005; Ramanathan et al., 2008; Ding et al., 2010) . Indeed, we found that 5 M (Ϫ)sulpiride eliminated the quinpiroleinduced afterdepolarization in 4/4 cells (Fig. 4G ). This dose is ϳ10-fold less than the K i for (Ϫ)sulpiride binding to D1Rs in expression systems (Seeman and Van Tol, 1994) , and should thus be highly selective for D2Rs in brain slices. The quinpiroleinduced depolarization could be reversed in other ways as well: by addition of the NMDA-R antagonist AP5 (50 M; n ϭ 3/3 cells; Fig. 4C ,G) and by addition of the selective L-type Ca 2ϩ channel antagonist nimodipine (1 M; n ϭ 3/3 cells; Fig.  4C,G) . Furthermore, as shown in Figure  4G , the duration of the quinpirole-induced afterdepolarization was larger for 20 M (Ϯ)quinpirole (n ϭ 6) than for 5 M (Ϫ)quinpirole (n ϭ 7), although this difference did not reach statistical significance.
Many studies have activated D2Rs using10Mquinpirole (WangandGoldmanRakic, 2004; Kreitzer and Malenka, 2005; Ramanathan et al., 2008; Sidiropoulou et al., 2009) , similar to the doses we have used (5 or 20 M). Nevertheless, these doses are higher than those used in other studies of PFC, e.g., 1-2 M (Tseng and O'Donnell, 2007; Tseng et al., 2008) . We will address possible reasons for these discrepancies (see Discussion), although we remain confident that D2Rs are required for the quinpirole-induced afterdepolarization, because this phenomenon (1) can be elicited by moderate doses of quinpirole (5 M), (2) occurs selectively in D2R-expressing neurons, and (3) is blocked by the specific D2R antagonist sulpiride (5 M). Of course, we cannot rule out the possibility that in addition to D2Rs, other receptors also play a role. Since we obtained the most prominent afterdepolar- membrane potential to return to baseline following a depolarizing current pulse (300 -400 pA, 250 -500 ms) delivered immediately following the pattern of synaptic stimulation shown above. Data are shown for control conditions (black; n ϭ 12), quinpirole (purple; 5 M, n ϭ 7; 20 M, n ϭ 6), quinpirole in the absence of synaptic stimulation (hollow purple bar; 5 M, n ϭ 6), nimodipine (gray; 1 M, n ϭ 3), sulpiride (green; 5 M, n ϭ 4), or AP5 (green; 50 M, n ϭ 3). *p Ͻ 0.05, **p Ͻ 0.01. ization using 20 M (Ϯ)quinpirole, we used this dose for subsequent experiments. As described below, all of the effects we observed using 20 M (Ϯ)quinpirole were reversed by (Ϫ)sulpiride (5 M), confirming that they require D2Rs.
Activating NMDA receptors also unmasks the quinpirole-induced afterdepolarization Given that AP5 blocks the ability of synaptic stimulation to unmask the quinpirole-induced afterdepolarization, we tested whether modest levels of NMDA receptor activation might suffice to unmask this effect. Indeed, we observed the quinpiroleinduced afterdepolarization when we included a low concentration of NMDA (4 M) in the bath (Fig. 5 A, B; n ϭ 4) . Notably, the afterdepolarization was not induced by this concentration of NMDA alone, and was reversed by (Ϫ)sulpiride (5 M; Fig. 5 A, B ; n ϭ 4). Figure 5B quantifies and summarizes these effects. The concentration of NMDA we used is within the range used by previous studies to elicit network activity in prefrontal brain slices (3-8 M) (Tseng and O'Donnell, 2005; Stewart and Plenz, 2006) .
The quinpirole-induced afterdepolarization is absent from type B neurons
We also applied (Ϯ)quinpirole (20 M) to type B neurons (n ϭ 7), and measured their responses to depolarizing current pulses (350 pA, 250 ms). As in the experiments with type A neurons, depolarizing current pulses either occurred immediately following optogenetic stimulation of excitatory synapses in layer V (n ϭ 3), or with 4 M NMDA in the bath (n ϭ 4). None of these experiments elicited a quinpirole-induced afterdepolarization in type B neurons. This is quantified in Figure 5B , which shows how various conditions affect the time for the membrane potential to return to baseline following a depolarizing current pulse in type B neurons.
The quinpirole-induced afterdepolarization occurs in perforated-patch recordings
To rule out the possibility that the afterdepolarization only occurs after dialyzing neurons with our intracellular solution, we verified that we could observe this effect during gramicidin perforated-patch recordings (see Materials and Methods). Indeed, during perforated-patch recordings from type A neurons, coapplication of (Ϯ)quinpirole (20 M) and NMDA (6 M) elicited an afterdepolarization that was reversed by adding the D2R antagonist (Ϫ)sulpiride (5 M) (Fig. 6 A, C ; n ϭ 5). Two additional details of this experiment were notable. First, in this experiment, we identified type A neurons by injecting Retrobeads into MD thalamus to label CT neurons, and 5/5 labeled CT neurons exhibited the quinpirole-induced afterdepolarization, providing additional evidence that CT neurons express D2Rs. Second, although we monitored the bridge balance for sudden changes indicative of a shift from a perforated-patch to whole-cell recording (compare with p 3 vs Fig. 6 A. bottom), in some cases we also included fluorescent dye in the pipette (0.05% Lucifer yellow; n ϭ 2). As shown in Figure 6 B, this fluorescent dye was excluded from the neuron while in the perforated-patch configuration (top), but entered the neuron after breaking in and shifting to a whole-cell configuration (bottom).
Quinpirole prolongs Ca
2؉ -mediated plateau potentials We next sought to characterize the ion channels that contribute to the quinpirole-induced afterdepolarization. Similar afterdepolarizations have been observed in response to 5-HT in turtle motoneurons (Hounsgaard and Kiehn, 1989) , in response to D1R stimulation and/or synaptic stimulation in striatal projection neurons (Hernández-Ló pez et al., 1997; Vergara et al., 2003) , in frog olfactory bulb neurons (Hall and Delaney, 2002) , and in nigral GABAergic neurons (Lee and Tepper, 2007) . Notably, these other afterdepolarizations also caused spike height rundown very similar to what we observed with quinpirole (e.g., Figs.  4 -6) . Each of these other afterdepolarizations were generated by combinations of Ca 2ϩ influx via L-type Ca 2ϩ channels and/or NMDA receptors (NMDA-Rs), and the Ca 2ϩ -activated nonselective cationic conductance (I CAN ). Our experiments suggest that a similar mechanism mediates the quinpirole-induced afterdepolarization, since it can be eliminated by antagonizing either L-type Ca 2ϩ channels or NMDA-Rs. An ideal experiment would be to measure how quinpirole affects L-type Ca 2ϩ currents. However, none of these previous studies of similar afterdepolarizations measured L-type Ca 2ϩ currents directly (Hounsgaard and Kiehn, 1989; Hernández-Ló pez et al., 1997; Hall and Delaney, 2002; Vergara et al., 2003; Lee and Tepper, 2007) , because poor space clamp makes it notoriously difficult to isolate and measure regenerative voltagedependent currents in intact pyramidal neurons. In fact, attempting to do so can lead to spurious results (Maurice et al., 2001 We followed this well established approach and confirmed that quinpirole enhances Ca 2ϩ and/or Ca 2ϩ -dependent currents that produce the quinpirole-induced afterdepolarization, by recording plateau potentials that occur after application of TTX (0.5 M) and TEA (30 mM) to block Na ϩ and K ϩ currents ( Fig.  7A ; see Materials and Methods). In these experiments, a brief, strong depolarizing current pulse (300 pA, 100 ms) triggers a high-threshold Ca 2ϩ spike that is followed by a long plateau potential. These plateau potentials last several seconds. As a result, although they may contribute to the initial Ca 2ϩ spike, T-type Quinpirole reversibly prolongs calcium-dependent plateau potentials. A, A short current pulse elicits a brief Ca 2ϩ spike that is followed by a prolonged plateau potential in a type A neurons after application of TTX and TEA. Each experiment recorded plateau potentials in control conditions, then while applying (Ϯ)quinpirole (20 M), and finally while applying quinpirole ϩ sulpiride (5 M). B, We quantified the size of plateau potentials by measuring the area under the voltage trace. The average size of the plateau potentials are shown as a function of time (n ϭ 4 cells in each condition). For the magenta trace, t ϭ 0 represents the beginning of quinpirole application, and quinpirole and sulpiride were both applied after t ϭ 20 min. The dark blue trace represents recordings in control ACSF. Shaded regions represent Ϯ 1 SEM. C, Summary data for the size of plateau potentials in each condition. Each bar represents data collected from 5 min before until 5 min after the end of drug application, or corresponding time points during recordings in control ACSF. We measured plateau potentials every 5 min during this period and used repeated-measures ANOVA and corrections for multiple-comparisons to assess statistical significance. *p Ͻ 0.05, ***p Ͻ 0.001.
Ca 2ϩ channels will be inactivated during the plateau potential. Furthermore, a previous study of layer V-VI pyramidal neurons in PFC found that under these conditions, evoked Ca 2ϩ spikes are driven primarily by L-type Ca 2ϩ channels (Young and Yang, 2004) . Based on our earlier experiments, we recorded these plateau potentials in the presence of 4 M NMDA. Thus, these plateau potentials are driven primarily by a combination of L-type Ca 2ϩ currents, NMDA-R-mediated currents, and Ca 2ϩ -dependent currents such as the Ca 2ϩ -activated nonselective cationic current, I CAN . Other slowly or noninactivating highthreshold Ca 2ϩ currents, e.g., N-type, may also contribute, but likely play a much smaller role (Young and Yang, 2004) . We observed a clear increase in these plateau potentials after applying (Ϯ)quinpirole (20 M) for 20 min (Fig. 7 B, C) . This effect was partially reversed by adding (Ϫ)sulpiride (5 M) for 20 min (Fig.  7 B, C ; n ϭ 4 cells; p Ͻ 0.001 control vs quinpirole, p Ͻ 0.05 quinpirole vs quinpirole ϩ sulpiride by repeated-measures ANOVA using cell and condition as factors and after correcting for multiple-comparisons). There was usually a slight increase in the plateau potential over time, so we also measured the size of the plateau potential in control ACSF after 20 min (corresponding to the time of quinpirole application) and 40 min (corresponding to the time of sulpiride application). The increase in the size of the plateau potential was much larger in cells for which we applied quinpirole (n ϭ 4), compared with cells maintained in control ACSF (n ϭ 4) ( p Ͻ 0.001 by ANOVA using cell and condition as factors and after correcting for multiple-comparisons). Thus, although it was not possible to directly measure L-type Ca 2ϩ currents or Ca 2ϩ -dependent currents, we did confirm that quinpirole enhances Ca 2ϩ and/or Ca 2ϩ -dependent currents that produce plateau potentials when Na ϩ and K ϩ channels are blocked. This, together with our experiments using nimodipine, NMDA, and AP5, strongly suggest that like other similar afterdepolarizations, the quinpirole-induced depolarization is mediated by a combination of Ca 2ϩ currents mediated by L-type channels and NMDA-Rs, as well as depolarizing Ca 2ϩ -dependent currents, e.g., I CAN .
Intracellular BAPTA eliminates the quinpirole-induced afterdepolarization The experiments described above leave open whether the quinpirole-induced afterdepolarization results simply from Ca 2ϩ currents themselves, or whether the activation of Ca 2ϩ -dependent currents, e.g., I CAN , is also required. To provide additional evidence that Ca 2ϩ influx is specifically required for the quinpirole-induced afterdepolarization, we tested whether the afterdepolarization is blocked by the Ca 2ϩ chelator BAPTA, which blocks or attenuates downstream effects of Ca 2ϩ but not Ca 2ϩ currents themselves. We made perforated patch recordings and included BAPTA (5 mM) in the intracellular solution. As in previous experiments, we made perforated patch recordings from type A neurons, and observed an afterdepolarization after applying quinpirole and NMDA (Fig. 8 A) . However, immediately after breaking in and switching to a whole-cell recording configuration, the afterdepolarization and other effects of quinpirole (e.g., decreasing spike heights) disappeared (Fig. 8 A, B ; n ϭ 3/3 cells). In five other neurons, we broke in and switched to a whole-cell configuration (with BAPTA in the pipette) while applying quinpirole. In all of these cases, BAPTA prevented quinpirole from inducing an afterdepolarization (Fig. 8 B) . Note that the intracellular solution we used in previous experiments contained another Ca 2ϩ chelator-EGTA. However, it is known that BAPTA but not EGTA prevents Ca 2ϩ from activating I CAN Figure 8 . The Ca 2ϩ chelator BAPTA eliminates the quinpirole-induced afterdepolarization. A, Perforated patch recording from a type A pyramidal neuron in control conditions (top) and after application of quinpirole ϩ NMDA elicits an afterdepolarization (middle). Bottom, In the same neuron, after breaking in and switching to a whole-cell recording configuration, the quinpirole-induced afterdepolarization is abolished. BAPTA (5 mM) is present in the pipette solution. B, Summary data showing time constants for the membrane potential to return to baseline following depolarizing current pulses (50 -150 pA, 250 ms) under various conditions. "Control," perforated patch recordings in control ACSF (black; n ϭ 3); "qpl ϩ NMDA, perf patch," the same perforated patch recordings after applying quinpirole and NMDA (orange; n ϭ 3); "qpl ϩ NMDA, postbreak in w/BAPTA," whole-cell recordings from the same cells that were initially recorded in perforated patch configuration (in quinpirole and NMDA) (purple; n ϭ 3); "qpl ϩ NMDA, whole-cell w/BAPTA," recordings from cells that broke in and switched to whole-cell configuration during the application of quinpirole ϩ NMDA (red; n ϭ 5). **p Ͻ 0.01. (Forscher and Oxford, 1985; Hall and Delaney, 2002) . In particular, the fact that BAPTA, but not EGTA, blocks the quinpiroleinduced afterdepolarization suggests that this phenomenon depends on I CAN (which is blocked by BAPTA but not EGTA) but not intracellular Ca 2ϩ acting as a second messenger (which would be blocked equally well by EGTA and BAPTA) (Forscher and Oxford, 1985) .
Blocking SK channels can also unmask a quinpirole-induced afterdepolarization A previous study of thick-tufted layer V pyramidal neurons in the mPFC found that D2R activation reduces the threshold for bursts evoked by synaptic stimulation in the presence of bicuculline and AP5. This study focused on synaptically evoked bursts lasting ϳ50 ms instead of afterdepolarizations lasting for hundreds of milliseconds or seconds, and the results of that study were obtained under conditions of GABA A and NMDA receptor blockade. Moreover, that study left open whether D2R-mediated increases in synaptically evoked bursting result from presynaptic or postsynaptic effects. Nevertheless, that study, like ours, suggests that D2Rs can enhance the excitability of thick-tufted layer V pyramidal neurons in the mPFC. Thus, the increased bursting observed in that study may result from the same mechanisms which we have found produce the quinpirole-induced afterdepolarization. If this is true, application of bicuculline and AP5 may suffice to unmask the quinpirole-induced afterdepolarization, even in the absence of synaptic stimulation. Indeed, after applying (Ϯ)quinpirole (20 M), bicuculline (10 M), and AP5 (50 M), we observed an afterdepolarization in type A neurons very similar to the quinpirole-induced afterdepolarization seen in previous experiments (Fig. 9 A, C; n ϭ 3/3 neurons). Moreover, this afterdepolarization was blocked by nimodipine (1 mM; n ϭ 3 cells). Thus, even when NMDA-Rs are blocked, quinpirole can still elicit an afterdepolarization, and this afterdepolarization depends on L-type Ca 2ϩ channels. This suggests that L-type Ca 2ϩ channels play a major role in quinpirole-induced afterdepolarizations, whereas NMDA-Rs may facilitate this afterdepolarization, but are not required under all conditions.
In addition to blocking GABA A receptors, bicuculline also blocks SK-type Ca 2ϩ -dependent K ϩ channels (Johnson and Seutin, 1997; Debarbieux et al., 1998 ). Therefore, we tested whether the afterdepolarization observed in type A neurons after applying quinpirole, bicuculline, and AP5, depends on the blockade of GABA A receptors and/or SK channels. We found that coapplication of quinpirole and the GABA A antagonist gabazine (10 M) did not elicit an afterdepolarization ( Fig. 9C ; n ϭ 3 cells), whereas coapplication of quinpirole and the selective SK channel antagonist apamin (10 M) did elicit an afterdepolarization in type A neurons (Fig. 9 B, C; n ϭ 3 cells). These results suggest that (1) the mechanism of the quinpirole-induced afterdepolarization may be relevant to the effects of D2Rs on synaptically evoked bursting observed in a previous study, (2) SK channel blockade can unmask quinpirole-induced afterdepolarizations in the absence of synaptic stimulation, and (3) like the quinpirole-induced afterdepolarization which occurs in the presence of synaptic stimulation, the mechanism through which quinpirole increases type A neuron excitability when bicuculline is present also depends on L-type Ca 2ϩ channels.
Discussion
We have characterized a novel afterdepolarization elicited by D2Rs in the mPFC. This afterdepolarization depends on L-type Ca 2ϩ channels and NMDA-Rs. The afterdepolarization and D2R expression both occur within a specific subpopulation of layer V pyramidal neurons that have a characteristic morphology (thick-tufted), projection targets (thalamus), and electrophysiological signature (prominent h-current). This suggests that as in striatum, prefrontal D2Rs are restricted to specific cell populations.
As described below, the quinpirole-induced afterdepolarization may underlie numerous functional and pathological effects of prefrontal D2Rs including enhancing firing during memory-guided saccades , generating persistent reward-related firing (Histed et al., 2009; Bernacchia et al., 2011) , or increasing the variability of activity (Winterer and Weinberger, 2004; Durstewitz and Seamans, 2008) . In addition, this afterdepolarization may alter prefrontal output to structures including the MD thalamus, which is important for processes such as corollary discharge (Sommer and Wurtz, 2006) . Notably, the quinpirole-induced afterdepolarization may represent a mechanism for the long-standing observation that dopamine application to frontal cortical neurons in vivo produces a depolarization accompanied by reduced spike heights (Bernardi et al., 1982) . Another study also observed Figure 9 . Blocking SK channels and applying quinpirole produces an afterdepolarization that requires L-type Ca 2ϩ channels. A, Responses of a type A neuron to depolarizing current pulses in various pharmacologic conditions showing that bath application of quinpirole, bicuculline, and AP5 induces an afterdepolarization (middle) that is reversed by nimodipine (bottom). B, Responses of another type A neuron showing that application of quinpirole and apamin induces a similar afterdepolarization (middle). C, Summary data showing the effect of various conditions on the time constant for the membrane potential to return to baseline following depolarizing current pulses (350 pA, 250 ms) in type A neurons: control (black; n ϭ 10), quinpirole ϩ bicuculline ϩ AP5 (red; n ϭ 3), quinpirole ϩ bicuculline ϩ AP5 ϩ nimodipine (gray; n ϭ 3), apamin ϩ quinpirole (magenta; n ϭ 3), quinpirole ϩ gabazine (orange; 10 M, n ϭ 4). **p Ͻ 0.01, ***p Ͻ 0.001.
reduced spike heights following D2R activation in deep layer mPFC neurons (Sesack and Bunney, 1989) . From an extracellular perspective, reduced spike heights would look like an inhibition in firing. Thus, the quinpirole-induced afterdepolarization and accompanying decrease in spike heights may also provide one mechanism for the classical finding that dopamine inhibits subcortically projecting mPFC neurons via D2Rs in vivo (Godbout et al., 1991; Pirot et al., 1992) .
The dose dependence of the quinpirole-induced afterdepolarization Many studies have activated D2Rs using 10 M quinpirole Kreitzer and Malenka, 2005; Ramanathan et al., 2008; Sidiropoulou et al., 2009 ), similar to the doses used here (5 or 20 M). Notably, Sidiropoulou et al. (2009) applied 10 M quinpirole to layer V pyramidal neurons in PFC without activating D1Rs. Thus, we are confident that the quinpirole-induced afterdepolarization requires D2Rs, since it occurs selectively in D2R-expressing neurons, can be elicited by 5 M quinpirole, and is eliminated by 5 M (Ϫ)sulpiride, which selectively antagonizes D2Rs (Seeman and Van Tol, 1994) .
So why is this afterdepolarization most prominent using 20 M quinpirole, whereas quinpirole exerts distinct effects at lower doses (1-2 M) (Tseng and O'Donnell, 2004; Tseng et al., 2008) ? D2Rs couple to numerous signaling pathways, mediated by G ␤␥ , ␤-arrestins, and scaffolding proteins (Bonci and Hopf, 2005) . D2R ligands possess functional selectivity for these pathways (Mailman, 2007) , and the dose dependence of quinpirole likely varies across these pathways (Urban et al., 2007) . Notably, effects mediated by ␤-arrestin have a time course ϳ10 min (Ahn et al., 2004) , similar to what we observed. Thus, although quinpirole may bind D2Rs at concentrations Ͻ1 M, concentrations ϳ1-2 M might recruit certain signaling pathways, while concentrations ϳ5-20 M elicit distinct effects via noncanonical signaling pathways that are mediated by scaffolding proteins or receptor internalization. It will be important for future studies to elucidate these pathways.
Why haven't previous studies observed the quinpirole-induced afterdepolarization?
The quinpirole-induced afterdepolarization is masked in quiescent slices, and could be unmasked via physiologic levels of synaptic stimulation or NMDA application (4 -6 M). One possible explanation is that the afterdepolarization originates in the dendrites, where D2Rs can be located (Negyessy and GoldmanRakic, 2005) . Thus, somatic recordings might not reveal D2R effects until dendritic excitability has been sufficiently enhanced by synaptic stimulation or NMDA. Indeed, while dopamine receptor effects have been extensively studied (Seamans and Yang, 2004) , stimulating synapses using optogenetics might produce a more physiological state, thereby revealing phenomena as illustrated here.
Other studies have described distinct effects of quinpirole on layer V pyramidal neurons. Lower doses of quinpirole inhibit increases in pyramidal neuron excitability caused by AMPA or NMDA (Tseng and O'Donnell, 2004) . The effects of quinpirole on responses to NMDA were mediated by D2Rs in inhibitory interneurons, rather than direct effects of D2Rs on pyramidal neurons. It is unclear whether this effect occurs under the same conditions or in the same neurons as the quinpirole-induced afterdepolarization, but this could be an important mechanism for regulating activity driven by the quinpirole-induced afterdepolarization. Indeed, inhibition might normally suppress this afterdepolarization, but pathological afterdepolarizations may emerge when prefrontal inhibition is compromised in schizophrenia or other conditions (Lewis et al., 2005) .
Another study found that doses of quinpirole similar to those used here promote bursting by thick-tufted layer V neurons in response to synaptic input when bicuculline and AP5 are present. We found that coapplying quinpirole, bicuculline, and AP5 also elicits an afterdepolarization that is blocked by nimodipine. Thus, the mechanism of the quinpirole-induced afterdepolarization may also underlie D2R-induced increases in bursting observed in that study.
The quinpirole-induced afterdepolarization depends on L-type Ca 2؉ channels and NMDA-Rs We have shown that (1) D2R activation enhances plateau potentials mediated by Ca 2ϩ and Ca 2ϩ -dependent currents, (2) the quinpirole-induced afterdepolarization involves both L-type channels and NMDA-Rs, and (3) chelating intracellular Ca 2ϩ blocks the afterdepolarization. Thus, although D2Rs must enhance Ca 2ϩ currents and/or Ca 2ϩ -dependent currents underlying the quinpirole-induced afterdepolarization, we cannot pinpoint the exact location of D2R action. Specifically, D2Rs might directly or indirectly enhance L-type currents and the accumulation of intracellular Ca 2ϩ and/or I CAN . We found that in the presence of bicuculline, quinpiroleinduced afterdepolarizations occur even after blocking NMDA-Rs. This suggests that NMDA-Rs facilitate, but are not absolutely necessary for these afterdepolarizations. Thus, D2Rs do not elicit the afterdepolarization via direct actions on NMDA-Rs. Of note, D1Rs in layer V pyramidal neurons in PFC can suppress L-type Ca 2ϩ channel-mediated potentials (Young and Yang, 2004) . Since D1Rs and D2Rs often have opposing effects on overlapping signaling pathways, this suggests that D2Rs may enhance L-type Ca 2ϩ channel-mediated phenomena, contributing to the afterdepolarization we found.
L-type Ca 2ϩ channels and NMDA-Rs produce other afterdepolarizations similar to those we have observed (Hounsgaard and Kiehn, 1989; Hernández-Ló pez et al., 1997; Hall and Delaney, 2002; Vergara et al., 2003; Lee and Tepper, 2007) . Specifically, muscarinic receptors elicit similar afterdepolarizations in layer V of PFC Andrade, 1998, 1999) . Many of these afterdepolarizations also cause spike height rundown. Synergistic interactions between L-type Ca 2ϩ channels and NMDA-Rs also produce regenerative depolarizations in pyramidal neuron dendrites (Schiller et al., 2000; Branco and Hausser, 2011) . D2R activation could further amplify these interactions, by enhancing L-type Ca 2ϩ currents and/or I CAN . In this way, D2Rs could profoundly enhance synaptic integration (Branco and Hausser, 2011) .
L-type Ca
2؉ channels in PFC function and mental illness L-type Ca 2ϩ channels have been implicated in schizophrenia (Bigos et al., 2010; Green et al., 2010; Nyegaard et al., 2010; Ripke et al., 2011) . A genetic polymorphism that increases L-type Ca 2ϩ channel expression and schizophrenia risk also reduces prefrontal efficiency (Bigos et al., 2010) , and L-type Ca 2ϩ channel antagonists have shown promise for schizophrenia (Yamada et al., 1995 (Yamada et al., , 1996 Schwartz et al., 1997) . L-type Ca 2ϩ channels are also implicated in autism (Splawski et al., 2004) and bipolar disorder (Ferreira et al., 2008; Sklar et al., 2011) . Despite these findings, specific mechanisms by which L-type Ca 2ϩ channels modulate prefrontal function are lacking. Our results demonstrate an after-depolarization through which L-type Ca 2ϩ channels powerfully modulate prefrontal neurons. This may have consequences as described below.
The quinpirole-induced afterdepolarization in PFC function and mental illness Layer V neurons exhibiting the quinpirole-induced afterdepolarization are well poised to affect the cognitive domains disrupted in schizophrenia. As we have shown, layer V pyramidal neurons that express D2Rs and exhibit the quinpirole-induced afterdepolarization correspond to a subpopulation ("type A") that projects subcortically but not to contralateral PFC. In particular, our finding that D2Rs are restricted to type A neurons while D1Rs are expressed in type B neurons (which project cortically) as well, could explain the recent observation that blocking D1Rs in the frontal eyes fields modulates firing in visual cortex and brainstem, whereas activating D2Rs modulates activity in brainstem but not visual cortex (Noudoost and Moore, 2011) . D2Rs might specifically enhance spiking in prefrontal neurons that trigger motor responses or corollary discharges (Robbins, 1990; Frith, 1995; -processes that are believed to depend on D2Rs and be abnormal in schizophrenia.
The quinpirole-induced afterdepolarization may also contribute to persistent reward-related activity or the modulation of firing by the past history of reward (Histed et al., 2009; Bernacchia et al., 2011) . Although the timescales of these phenomena may exceed those shown for the quinpirole-induced afterdepolarization, synaptic input interacts powerfully with the afterdepolarization. Thus, in vivo the quinpirole-induced afterdepolarization may amplify responses to weak synaptic input, producing additional firing and Ca 2ϩ influx that sustain this afterdepolarization over longer timescales.
Finally, the quinpirole-induced afterdepolarization might increase the variability of PFC activity, facilitating adaptation to a changing environment (Durstewitz and Seamans, 2008; Durstewitz et al., 2010) . Excessive D2R activation could produce noisy firing that is disconnected from external input and contributes to psychosis.
In summary, these findings define a novel mechanism, involving Ca 2ϩ channels, through which D2Rs can powerfully regulate output from a defined subpopulation of prefrontal neurons. This mechanism is well positioned to modulate prefrontal-dependent behaviors, including those disrupted in mental illness.
